O on t h e V i k i n g cameras; and computation based on $ m u l t i p l e wavelength and m u l t i p l e s c a t t e r i n g o f t h e s o l a r r a d i a t i o n . The d a t a a r e used t o make e s t imates of p h o t o v o l t a i c system power, area and mass for a surface power system u s i n g r e g e n e r a t i v e f u e l c e l l s for storage and n i g h t t i m e o p e r a t i o n .
INTRODUCTION

NASA, through i t s P r o j e c t P a t h f i n d e r , has p u t i n p l a c e a wide-ranging s e t of advanced technology programs t o address f u t u r e needs o f manned space e x p l o r a t i o n . I n c l u d e d i n t h e m i s s i o n s e t s under study i s t h e e s t a b l i s h m e n t o f o u t p o s t s on t h e surface o f Mars. f i n d e r i s aimed a t p r o v i d i n g u l t r a l i g h t w e i g h t p h o t o v o l t a i c a r r a y technology f o r such an a p p l i c at i o n (as w e l l as f o r t h e l u n a r s u r f a c e ) . D e t a i l e d i n f o r m a t i o n on t h e c l i m a t i c c o n d i t i o n s on Mars a t t h e p h o t o v o l t a i c system l o c a t i o n i s v e r y d e s i r a b l e These i n c l u d e t h e v a r i a t i o n o f s o l a r i n s o l a t i o n : ambient temperature; albedo: and wind speeds and d i r e c t i o n s : w i t h l a t i t u d e , season, and time o f t h e day. I n a d d i t i o n , t h e e f f e c t o f d u s t accumulation on t h e p h o t o v o l t a i c panels and r a d i a t i o n damage causing d e g r a d a t i o n o f t h e o u t p u t power needs t o be assessed. As on t h e p l a n e t E a r t h , t h e s o l a r r a d i a t i o n on t h e s u r f a c e of Mars i s composed o f two components: The d i r e c t beam i s a f f e c t e d by s c a t t e r i n g and a b s o r p t i o n a l o n g t h e p a t h from the t o p o f the Mart i a n atmosphere t o t h e M a r t i a n surface. Measurement of t h e o p t i c a l depth L1.21 o f the M a r t i a n atmosphere a l l o w s an e s t i m a t e o f t h e a b s o r p t i o n and s c a t t e r i n g o u t o f t h e beam. These e s t i m a t e s were d e r i v e d from images taken o f t h e Sun and t h e Sun and Phobos w i t h a s p e c i a l diode on t h e The Surface Power Program i n Patht h e d i r e c t beam, and d i f f u s e component.
* T h i s work was done w h i l e t h e a u t h o r was a N a t i o n a l Research C o u n c i l --NASA Research Associa t e ; on s a b b a t i c a l leave f r o m Tel A v i v Universi'ty V i k i n g lander cameras. t i n g on t h e M a r t i a n s u r f a c e , t h e measured i n t e n s i t y i s d i r e c t l y r e l a t e d by B e e r ' s law t o t h e o p t i c a l depth o f the i n t e r v e n i n g atmospheric haze:
Since t h e cameras a r e s i t -
where Go i s t h e unattenuated i r r a d i a n c e a t t h e t o p o f t h e M a r t i a n atmosphere; Gb i s t h e d i r e c t beam i r r a d i a n c e on M a r t i a n s u r f a c e normal t o t h e s o l a r r a y s ; T i s t h e o p t i c a l depth; and [ m ( z ) l -l i s t h e airmass determined by the z e n i t h angle z. E a r t h -t e r r e s t i a l i n s o l a t i o n d a t a a r e accumul a t e d over many years a t d i f f e r e n t l o c a t i o n s around t h e w o r l d and a r e g i v e n as l o n g term average v a lues. The o p t i c a l depth d a t a f o r Mars a r e d e r i v e d f o r l e s s than two Mars y e a r s . Consequently, t h e c a l c u l a t e d s o l a r i n s o l a t i o n corresponds t o s h o r t term d a t a . Furthermore, t h e measured o p a c i t i e s ( o p t i c a l depth) and t h e c a l c u l a t e d i r r a d i a n c e s pert a i n t o j u s t two l o c a t i o n s on t h e Mars p l a n e t ; V i k i n g l a n d e r 1 ( V L l ) , l o c a t e d a t 22.3" N l a t it i u d e and 47.7" W l o n g i t u d e , and V i k i n g l a n d e r 2 (VLZ), l o c a t e d a t 47.7" N l a t i t u d e and 225.7" W l o n g i t u d e . However, t h e s i m i l a r i t y i n t h e propert i e s o f t h e d u s t suspended above t h e two l a n d i n g s i t e s suggests t h a t t h e y a r e a l s o r e p r e s e n t a t i v e o f ones a t o t h e r l o c a t i o n s , a t l e a s t , a t l a t i t u d e s n o t t o o f a r f r o m the l a n d e r ' s s i t e s . Data f r o m l a n d e r VL1 may be used f o r l a t i t u d e s 40" N t o 40" S and d a t a from l a n d e r VL2 f o r h i g h e r l a t i t u d e s . The M a r t i a n atmosphere c o n s i s t s m a i n l y o f suspended d u s t p a r t i c l e s , t h e amounts o f which v a r y d a i l y , s e a s o n a l l y , and a n n u a l l y , depending on l o c a l and g l o b a l storm i n t e n s i t i e s and t h e i r d u r a t i o n . The o p t i c a l depth values g i v e n i n t h e s e c t i o n e n t i t l e d OPTICAL DEPTH a r e assumed t o be c o n s t a n t throughout t h e day. Large values o f o p t i c a l depth correspond t o g l o b a l storms, i . e . , days w i t h low i n s o l a t i o n ( " d a r k days").
The albedo o f the M a r t i a n s u r f a c e v a r i e s i n t h e range o f about 0 . 1 t o 0 . 4 . The i r r a d i a n c e s d e r i v e d i n t h e s e c t i o n e n t i t l I n t h i s paper we c a l c u l a t e d t h e v a r i a t i o n o f s o l a r i r r a d i a n c e which i s t h e major environmental component f o r p h o t o v o l t a i c system d e s i g n . We do n o t r e p o r t here d a t a on ambient temperature, wind speed and d i r e c t i o n , albedo and t h e e f f e c t o f d u s t New i n f o r m a t i o n about Mars c l i m a t e may be f o r t hcoming i n t h e f u t u r e based on new ana!yzis, observ a t i o n s and f u t u r e f l i g h t m i s s i o n s . The Mars c l i m a t i c d a t a f o r p h o t o v o l t a i c system design w i l l thus be updated a c c o r d i n g l y .
t i o n o f p h o t o v o l t a i c power system s i z e and mass ( i n c l u d i n g s t o r a g e ) , based on t h e d a t a now i n hand, f o r use on t h e M a r t i a n s u r f a c e d u r i n g a s o -c a l l e d " s p r i n t " m i s s i o n ( i . e . , 30 day d u r a t i o n o r l e s s on t h e s u r f a c e ) . The d e t a i l e d assumptions appear i n t h e l a s t s e c t i o n o f t h e paper on power system cons i d e r a t i o n s , and the r e s u l t s appear i n Table 11 .
We have a l s o completed a p r e l i m i n a r y c a l c u l a -
OPTICAL DEPTH
The most d i r e c t and p r o b a b l y r e l i a b l e e s t imates of o p a c i t y a r e those d e r i v e d f r o m V i k i n g l a n d e r imaging o f t h e Sun. F i g u r e s 1 and 2 show t h e seasonal v a r i a t i o n o f t h e normal-incidence o f t h e o p t i c a l depth a t t h e V i k i n g lander l o c a t i o n s VL1 and VL2, r e s p e c t i v e l y . The season i s i n d ic a t e d by t h e v a l u e o f L,, a r e o c e n t r i c l o n g i t u d e of t h e Sun, measured i n t h e o r b i t a l p l a n e of t h e p l a n e t from i t s v e r n a l equinox (L, = 0" and 180" corresponding t o s p r i n g and f a l l equinox f o r t h e n o r t h e r n hemisphere, r e s p e c t i v e l y ; and Ls = 90 and 270" corresponding t o n o r t h e r n and southern summer s o l s t i c e s , r e s p e c t i v e l y ) . F i g u r e s 1 and 2 were d e r i v e d from r e f e r e n c e s by P o l l a c k C1. 21 
and Zurek C31 and were d i s c r e t i z e d f o r each 5 " . A s mentioned b e f o r e , t h e o p t i c a l depth i s assumed t o remain c o n s t a n t throughout t h e day. O p a c i t i e s a r e minimum d u r i n g t h e n o r t h e r n s p r i n g ( L s
i n g t h e p e r i o d o f t h e o b s e r v a t i o n as i n d i c a t e d by t h e h i g h values o f t h e o p t i c a l depth ( l o w e r bound v a l u e s ) .
GLOBAL AND LOCAL DUST STORMS
The i n t e n s i t y o f M a r t i a n g l o b a l and l o c a l d u s t storms i s d e f i n e d i n terms o f o p a c i t y o f t h e d u s t i t r a i s e s . Global d u s t storms a r e those which obscure p l a n e t a r y -s c a l e s e c t i o n s o f t h e M a r t i a n s u r f a c e f o r many M a r t i a n days ( s o l s ) , whereas l o c a l d u s t storms a r e l e s s i n t e n s e , and form and d i s s ip a t e i n a few days or l e s s . From p h o t o v o l t a i c system d e s i g n p o i n t o f view, t h e i n t e n s i t y , frequency, and d u r a t i o n o f these storms may be viewed as "part i a l l y cloudy" and " c l o u d y " days f o r which a d d it i o n a l energy storage i n t h e p h o t o v o l t a i c system must be taken i n t o account. The c h a r a c t e r i s t i c s of g l o b a l and l o c a l d u s t storms a r e l i s t e d below.
Global Dust Storms
( 1 ) One, o r o c c a s i o n a l l y two g l o b a l d u s t storms o f p l a n e t a r y s c a l e may occur each M a r t i a n y e a r . The d u r a t i o n may v a r y from 35 t o 70 days o r more. Although g l o b a l d u s t storms do n o t occur e v e r y y e a r , t h e i r occurrence i s f a i r l y f r e q u e n t . i s g r e a t e r than 1.
Local Dust Storms i t u d e s and throughout t h e y e a r . However, t h e y have been observed t o occur most f r e q u e n t l y i n t h e approximate l a t i t u ( 1 ) Local d u s t storms o c c u r a t almost a l l l a tthan i n t h e n o r t h , t h e m a j o r i t y o f which d u r i n g southern s p r i n g .
( 2 ) Based on V i k i n g o r b i t e r o b s e r v a t i s e s t i m a t e d t h a t a p p r o x i m a t e l y 100 l o c a l occur i n a g i v e n M a r t i a n y e a r . Table I by t h e "normalized n e t f l u x f u n c t i o n " f ( z , r ) where the parameters a r e the z e n i t h angle z and t h e o p t i c a l depth T. This t a b l e p e r t a i n s t o albedo o f 0 . 1 b u t can be used f o r h i g h e r albedo values t o a f i r s t approximation.
The s o l a r i n s o l a t i o n on t h e s u r f a c e of Mars i s composed o f t h e d i r e c t beam and t h e d i f f u s e components. The n e t s o l a r f l u x i n t e g r a t e d o v e r the s o l a r spectrum, on t h e M a r t i a n s u r f a c e was c a l c u l at e d by P o l l a c k C51 based on m u l t i p l e wavelength and m u l t i p l e s c a t t e r i n g o f the s o l a r r a d i a t i o n . D e r i v e d d a t a o f t h i s c a l c u l a t i o n i s shown i n
Using these d a t a we c a l c u l a t e d t h e g l o b a l s o l a r i r r a d i a n c e . We assumed t h a t the d i f f u s e i r r a d i a n c e i s o b t a i n e d by s u b t r a c t i n g t h e beam f r o m t h e g l o b a l i r r a d i a n c e .
The s o l a r i r r a d i a n c e components, on a t a l M a r t i a n s u r f a c e , a r e r e l a t e d by:
where Gh g l o b a l i r r a d i a n c e on a h o r i z o n t a l sur Gbh d i r e c t beam i r r a d i a n c e on a h o r i z o n t a Gdh d i f f u s e i r r a d i a n c e on a h o r i z o n t a l su hor i zon- 
r e s t r i a l c a l c u l a t i o n s . The beam i r r a d i a n c e Gbh on a h o r i z o n t a l s u r f a c e i s g i v e n by:
for z e n i t h angles z < 70" one can approximate t h e airmass by:
The beam i r r a d i a n c e a t t h e t o p o f t h e M a r t i a n atmosphere i s g i v e n b y :
where S i s t h e s o l a r constant a t t h e mean Sun-E a r t h d i s t a n c e o f 1 AU, i . e . , S = 1371 W/m2; r t h e instantaneous Sun-Mars d i s t a n c e ( h e
where M a r t i a n s u r f a c e i s o b t a i n e d by:
The g l o b a l i r r a d i a n c e Gh on a h o r i z o n t a l Gh = Go fhz;T) cos z
The cosine o f t h e z e n i t h angle i s : cos z = s i n @ s i n 6 + cos @ cos 6 cos w (10) where 0 l a t i t u d e 6 d e c l i n a t i o n a n g l e w hour a n g l e
The s o l a r d e c l i n a t i o n a n g l e i s g i v e n by: The r e l a t i o n between the p l a n e t s o l a r time T a t h e hour angle W , i s shown i n F i g . 5 and i s g i v by :
12)
where w i s measured from t h e t r u e noon westward
The f o l l o w i n g f i g u r e s o f s o l a r i r r a d i a n c e s were c a l c u l a t e d based on Table I d a t a and t h e mean i r r a d i a n c e of 590 W/m2. f i g u r e s 6 t o 8 d e s c r i b e t h e v a r i a t i o n o f t h e g l o b a l , beam and d i f f u s e i r r adiances, r e s p e c t i v e l y , on a h o r i z o n t a l M a r t i a n surf a c e ; and a r e g i v e n i n p a i r s as f u n c t i o n o f t h e o p t i c a l depth T , and z e n i t h angle z . The v a r i at i o n o f t h e g l o b a l i r r a d i a n c e Gh, Eq. ( g ) , i s shown i n F i g s . 6 ( a ) and ( b ) . 
(a) and ( b ) . The d i f f u s e i r r a d i a n c e shows a s l i d i n g maximum w i t h the v a r i a t i o n o f t h e z e n i t h angle. For a g i v e n day L, and l a t i t u d e @, one can c a l c u l a t e t h e v a r i a t i o n o f t h e z e n i t h angle z as f u n c t i o n o f t h e s o l a r t i m e T u s i n g Eqs. (10) t o ( 1 2 ) . R e f e r r i n g t o F i g s . 1 and 2 for t h e g i v e n L,, t h e o p t i c a l depth T i s determined, and u s i n g F i g s . 6 t o 8 one can c a l c u l a t e t h e v a r i a t i o n o f t h e s o l a r i r r a d i a n c e for t h e g i v e n day. The r e s u l t s of such a procedure i s shown, for example, i n F i g . 9 where t h e v a r i a t i o n o f t h e g l o b a l , beam and d i f f u s e i r r a d i a n c e on a h o r i z o n t a l s u r f a c e i s d e p i c t e d as f u n c t i o n of t h e s o l a r t i m e f o r V i k i n g l a n d e r V L l .
The beam i r r a d i a n c e Ls = 153" and a t
POWER SYSTEM CONSIDERATIONS FOR MARTIAN SURFACE OPERATION The d a t a presented i n t h i s paper r e p r e s e n t a s t a r t on a l o n g e r t e r m e f f o r t t o p r o v i d e a more complete a n a l y s i s o f temperature and i n s o l a t i o n l e v e l s on Mars. The purpose f o r d o i n g so i s twof o l d : ( 1 ) t o e s t a b l i s h t h e f e a s i b i l i t y o f u s i n g p h o t o v o l t a i c power systems on t h e s u r f a c e o f Mars, and ( 2 ) t o a l l o w for much more a c c u r a t e c a l c u l at i o n s o f c r i t i c a l power system c h a r a c t e r i s t i c s ,
such as a r e a and mass, than has been p o s s i b l e i n t h e p a s t . O f major concern a r e t h e d u s t storms, which have been observed t o occur on l o c a l as w e l l as g l o b a l s c a l e s , and t h e i r e f f e c t on s o l a r a r r a y o u t p u t . I n g e n e r a l , t h e assumption has been t h a t g l o b a l storms would reduce s o l a r a r r a y o u t p u t e s s e n t i a l l y t o z e r o , because t h e o p a c i t y o f t h e atmosphere may r i s e t o values r a n g i n g from 3 t o 9, depending on t h e s e v e r i t y o f the storm.
F u r t h e rmore, such h i g h values o f o p a c i t y may p e r s i s t f o r l o n g p e r i o d s o f t i m e ( o f t e n s e v e r a l weeks), so t h a t p r e d i c t e d requirements f o r energy s t o r a g e q u i c k l y become much t o o l a r g e t o be p r a c t i c a l . shown i n t h e p r e c e d i n g d i s c u s s i o n , however, t h e o p a c i t y p r i m a r i l y a f f e c t s t h e d i r e c t beam compon e n t o f t h e s o l a r r a d i a t i o n . Hence t h e r e i s s t i l l an a p p r e c i a b l y l a r g e d i f f u s e component, even a t an atmospheric o p a c i t y o f 4 ( F i g . 8 ) , w i t h t h e r e s u l t t h a t s o l a r a r r a y o p e r a t i o n i s s t i l l p o s s i b l e . A c c o r d i n g t o t h e d a t a shown i n t h e f i g u r e , a r r a y o u t p u t a t midday c o u l d be expected t o be o v e r 40 p e r c e n t o f i t s " c l e a r weather" midday o u t p u t d u r i n g t h e h e i g h t o f t h a t p a r t i c u l a r storm.
A S
The second, and p r i m a r y use f o r d a t a such as a r e presented h e r e , i s t o a l l o w f o r more a c c u r a t e e s t i m a t e s o f p h o t o v o l t a i c power system s i z e s and masses i n system a n a l y s i s and t r a d e -o f f s t u d i e s . U l t i m a t e l y , o f course, such d a t a w i l l be r e q u i r e d for f i n a l e n g i n e e r i n g d e s i g n should a manned m i ss i o n t o Mars a c t u a l l y be attempted a t some f u t u r e d a t e . P r i o r t o any such a c t u a l e n g i n e e r i n g phase, however
Both c e l l types a r e assumed t o be i n t e g r a t e d i n t o a s u i t a b l e l i g h t w e i g h t , f l e x i b l e b l a n k e t assembly. Based on p r o j e c t i o n s from t h e NASA Advanced P h o t o v o l t a i c S o l a r A r r a y Study CBI, t h e GaAs b l a n k e t s p e c i f i c mass i s c a l c u l a t e d t o be 0 . 5 kglm2 and t h e aSi b l a n k e t s p e c i f i c mass i s 0.04 kgfm2. s t r u c t u r e i n b o t h cases i s assumed t o have a mass o f 0.56 kg/m2 meter o f a r r a y area, t o which must be added t h e b l a n k e t mass f o r each case. No temp e r a t u r e e f f e c t s a r e i n c l u d e d i n t h i s c a l c u l a t i o n , and i t i s assumed t h a t t h e e f f i c i e n c i e s quoted a r e a t t h e expected o p e r a t i n g temperature of t h e a r r a y . Also, n o t i n c l u d e d i s t h e mass o f t h e power c o n d i t i o n i n g and d i s t r i b u t i o n equipment for t h e loads on t h e power system. t h a t observed by VL1 on day Ls = 153". The a c t u a l i r r a d i a n c e l e v e l o f 590 W/m2 d u r i n g t h i s p o r t i o n o f Mar's o r b i t i s a p p r o x i m a t e l y equal t o t h e o r b it a l mean v a l u e , and remains w i t h i n 10 p e r c e n t o f t h a t value for several weeks on e i t h e r s i d e o f t h a t day. I t i s a l s o a p e r i o d o f r e l a t i v e l y s t ab l e atmospheric c o n d i t i o n s , w i t h o p a c i t i e s around 0.5 f o r several days a t a t i m e . F i g u r e 9 shows t h e v a r i a t i o n w i t h z e n i t h a n g l e o f t h e i r r a d i a n c e on a f i x e d h o r i z o n t a l s u r f a c e f o r t h a t same day. Table I 1 A r r a y power per u n i t area and u n i t mass have been c a l c u l a t e d w i t h t h e c o n d i t i o n t h a t t h e a r r a y must p r o v i d e i t s f u l l r a t e d o u t p u t o f 25 kWe f o r a t l e a s t 5.5 h r p a s t M a r t i a n noon, a t which t i m e t h e s o l a r i r r a d i a n c e i s 70 W/m2 on t h e day s e l e ct e d . The r a t i o o f t h e i n t e g r a t e d t o t a l energy t o t h e peak s o l a r i n s o l a t i o n i s 0.59, which y i e l d s a d a i l y average i r r a d i a n c e o f 0.348 N/m2. i n t e r e s t i n g t o n o t e t h a t a l t h o u g h t h e mass o f t h e aSi b l a n k e t was c a l c u l a t e d t o be l e s s than 10 p e r c e n t o f the GaAs b l a n k e t , the aSi system I t i s mass i s n e a r l y 20 p e r c e n t g r e a t e r than t h e GaAs system mass. The reason i s , o f course, t h a t t h e lower e f f i c i e n c y p r o j e c t e d f o r aSi r e s u l t s i n a much l a r g e r t o t a l area, and hence t o t a l mass, f o r t h a t a r r a y , under t h e assumption t h a t t h e same s t r u c t u r a l mass i s r e q u i r e d i n each case. C l e a r l y , a more d e t a i l e d d e s i g n i s r e q u i r e d t o r e s o l v e t h e i s s u e .
CONCLUSIONS
The major environmental parameter needed for p h o t o v o l t a i c system d e s i g n i s t h e v a r i a t i o n o f t h e s o l a r i n s o l a t i o n . The d a t a and procedure from which t h e s o l a r i n s o l a t i o n can be determined i s g i v e n i n t h i s paper, and i s based on t h e n o r m a l i z e d n e t s o l a r f l u x f u n c t i o n f ( z , r ) .
The o p a c i t i e s were measured a t t h e two V i k i n g l a n d e r l o c a t i o n s b u t can a l s o be used, to t h e f i r s t a p p r o x i m a t i o n , f o r o t h e r l o c a t i o n s . F i g u r e s 6 t o 9 show t h e g l ob a l , beam and d i f f u s e i r r a d i a n c e s on t h e h o r l t o nt a l s u r f a c e . Any d e s i r e d i n s o l a t i o n q u a n t i t i e s on any i n c l i n e d s u r f a c e can be f u r t h e r d e r i v e d based on t h e f ( z , r ) f u n c t i o n and t h e a p p r o p r i a t e s o l a r ca 1 cu 1 a t i on s .
An example i s presented f o r a s u r f a c e power system u s i n g r e g e n e r a t i v e f u e l c e l l s f o r s t o r a g e , and two d i f f e r e n t a r r a y types--one w i t h GaAs c e l l s , and one w i t h aSi t h i n f i l m c e l l s . The r e s u l t s demonstrate t h e ease w i t h which the s o l a r i n s o l a t i o n d a t a p r o v i d e d here can be used t o determine i n p o r t a n t power system parameters f o r system comparison s t u d i e s , and f o r f i n a l e n g i n e e r i n g d e s i g n . 
